About 10-25% of breast cancer patients achieve a pathologically confirmed complete response after neoadjuvant chemotherapy. Tissue samples of pretreatment core biopsies are a valuable resource for translational research aiming towards predictive biomarkers for selecting patients who are likely to benefit from neoadjuvant therapy. The German Breast Group (GBG) and the AGO-B Group (AGO = Working Group Gynecological Oncology) have extensive experience in conducting neoadjuvant clinical trials. Technologies as immunohistochemistry on tissue microarrays and standardized reverse transcription-polymerase chain reaction (RT-PCR) approaches on formalin-fixed paraffin-embedded samples allow high-throughput investigation of protein and mRNA biomarkers. With these approaches, we could demonstrate that molecular tumor subtypes and immunological infiltrates are valuable and independent predictors of therapy response. New biomarkers such as poly(ADP-ribose) polymerase (PARP) might be useful for the prediction of response to conventional and new targeted therapies. This review summarizes current research projects focusing on biomarker discovery in the neoadjuvant setting.
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The GeparTrio and the current GeparQuinto trial investigated the concept of tailoring therapy according to mid-course response. The GeparTrio trial randomized patients according to their response after the initial 2 cycles of docetaxel/doxorubicin/cyclophosphamide (TAC) to further 4 cycles of TAC or switch to a non-cross-resistant chemotherapy with vinorelbine and capecitabine in the non-responder group and further 4 or 6 cycles of TAC in the responder group [14] [15] [16] . It could be demonstrated that the responder group has a much higher pCR rate than the non-responder group, but there was no significant difference between the arms within the nonresponder and responder patients. However, long-term results have to be awaited.
The GeparQuinto trial investigated the addition of bevacizumab to epirubicin/cyclophosphamide-docetaxel (EC-Doc) in the HER2-setting, and those not responding after EC ± bevacizumab were again randomized to receive in addition paclitaxel weekly ± the mTOR inhibitor RAD001 (mTOR = mammalian target of rapamycin) [17] . The initial analysis revealed only a benefit in the subgroup of TNBC, but the final analysis still has to be performed. This is somewhat in contrast to recent data from the NSABP-B40 trial presented at the American Society of Clinical Oncology (ASCO) meeting 2011, which demonstrated a benefit in the hormone receptor (HR)-positive patients [18, 19] . The HER2+ patients received, in addition to EC-Doc, either trastuzumab or lapatinib, without further separating the groups according to mid-course response [20] . Data from Neosphere and Neo-Altto demonstrated that the double anti-HER2 blockade is significantly better. However, comparing the data, the pCR rate with a 12-week monochemotherapy plus double anti-HER2 blockade was as good as 24 weeks of polychemotherapy with trastuzumab. A longer polychemotherapy in addition to a double anti-HER2 blockade is probably better, as shown by recent data [21] .
The results suggest that we need better predictors for response and resistance to neoadjuvant therapy for HER2+ treatment and also for anti-angiogenesis in addition to chemotherapy. Markers for trastuzumab resistance so far revealed contradictory results for p95 [22] and phosphatase and tensin homolog (PTEN) [23, 24] . New markers as eucariotic translation initiation factor 4E-binding protein 1 (EBP41) and aldehyde dehydrogenase (ALDH) might be of interest [25] . The RESPONSIFY project funded by the European Union (EU) within the 7th frame program (FP7; coordinator Sibylle Loibl, GBG) will aim to find biomarker tests to better select the patients for anti-HER2 and anti-angiogenesis treatment.
Introduction
Breast cancer is the most common cancer in women worldwide with more than 1.1 million women diagnosed annually [1] . Each year, more than 200,000 new breast cancer cases are expected in the USA [2] . In Germany, an estimation of more than 60,000 cases per year has been reported for the last decade [3] .
Primary non-metastatic breast cancer is accepted as a systemic disease with a local-regional component and therefore needs to be treated by systemic therapy as well as by local procedures such as surgery and radiotherapy. A metaanalysis by Mauri et al. [4] demonstrated identical effectiveness of neoadjuvant and adjuvant chemotherapy in terms of diseasefree survival (DFS) and overall survival. Therefore neoadjuvant chemotherapy should be discussed with all patients who are candidates for adjuvant chemotherapy at the time of primary diagnosis [5] .
Three main objectives of neoadjuvant therapy can be defined: improvement of surgical options, both to reach operability in primary inoperable tumors and to improve surgical options in primary operable cancers; to improve outcome by reaching pathologic complete response (pCR); and to obtain information on mid-course response, which might help to further tailor the treatment [6] . pCR, which implies an eradication of all viable tumor cells, is an important prognostic factor that could be demonstrated concordantly in several clinical trials [7] [8] [9] . Thereby, the definition of pCR varies between the different studies. The more restrictive the definition, the lower is the pCR rate but also the more favorable is the outcome of the pCR group [10] . Especially the subgroups of human epidermal growth factor receptor 2 (HER2)-positive breast cancer and triple-negative breast cancer (TNBC) can be discriminated by pCR into a group with an excellent prognosis and a group with a less favorable outcome [11, 12] . In the luminal A and probably in some patients in the luminal B group, the outcome is independent of the pCR [10] . In these groups we need to find other markers to indicate long-term profits from systemic treatment.
However, first we still do not know who will exactly benefit from chemotherapy ± biological treatment. Even in the more chemosensitive subgroups (TNBC and HER2+) a great proportion of patients do not reach a pCR. We need more precise tests that will indicate responsiveness to primary systemic treatment prior to the start of treatment. Neoadjuvant therapy offers a good opportunity to reach this goal.
Clinical Concepts and S tudies
The German Breast Group (GBG) and the AGO-B Group (AGO = Working Group Gynecological Oncology) have a long tradition of undertaking neoadjuvant studies ( The current standard approach in pathological biomarker assessment for diagnostic and predictive purposes is immunohistochemistry (IHC), i.e. the labeling of cellular proteins by antibodies and the subsequent microscopic evaluation by the pathologist. Immunohistochemical stains allow direct visualization of the protein-expressing cell population and the subcellular protein distribution. This makes IHC a powerful tool in qualitative differential diagnosis in surgical pathology. IHC also serves well for some predictive purposes, e.g. in estrogen receptor (ER) and HER2 expression analysis for prediction of the endocrine and trastuzumab response, respectively.
Most research applications of IHC are performed on tissue microarrays. This time-and cost-effective method allows the staining and evaluation of many tumor samples on a single tissue slide and allows high-throughput analysis of biomarkers using IHC, RNA in situ hybridization (RNA-ISH) or fluorescence in situ hybridization (FISH) [26] . The construction of tissue microarrays from core biopsies requires special processing. Before tissue microarray construction, the H&E-stained tissue slides are reviewed and only cores containing more than 30% of tumor cells are chosen. The core biopsy is then cut from the paraffin block, rotated by 90° and placed upright into a fresh paraffin block [6, 7] . Using this technique, we successfully analyzed the expression of several antibodies, such as steroid HRs, HER2, and poly(ADP-ribose) polymerase (PARP) [27] [28] [29] [30] .
Translational Research and Tumor Banking in the Neoadjuvant Setting
Tissue samples from clinical trials are a valuable resource of translational cancer research with the goal of predictive or prognostic biomarker discovery to improve clinical management of future generations of patients. Translational research projects are often multi-disciplinary multi-center projects that are critically dependent on optimal biobank organization and the continuous collection of tissue samples. This should be performed in parallel to the conduction of the clinical studies. The informed consent as a prerequisite for sample collection and biomarker assessment is an important element of the clinical study setup. The GBG and the AGO-B Group are currently collecting tissue samples from all neoadjuvant, adjuvant and metastatic studies. These samples are stored in the GBG tumor biobank at the Institute of Pathology, Charité Hospital (Berlin, Germany). Until May 2010, a total of more than 10,700 formalin-fixed and paraffin-embedded (FFPE) samples have been centrally collected, due to the efficient contributions of a large number of pathologists from the study sites in Germany.
Current research concepts focus on biomarker assessment in pretherapeutic core biopsies. The technologies include standard hematoxylin and eosin (H&E) stainings, immunohistology and RNA-based techniques. In this review, we will describe examples for translational research approaches using the different technologies ( fig. 1 ). All projects are controlled by the translational subboard. ER, progesterone receptor (PR) and HER2 is feasible and reproducible using kinetic RT-PCR with fully automated extraction of RNA from FFPE tissue [31, 32] . Being both sensitive and reproducible, the technique has proven to be of practical value, e.g. the quantification of the T-cell related markers CD3D and CXCL9 for the prediction of response to neoadjuvant chemotherapy in breast cancer [28] or the assessment of prognosis in ovarian cancer [33] .
Also, such techniques facilitate the evaluation of many different markers at a time, allowing the implementation of stable predictive or prognostic scoring algorithms that might ultimately support clinical decision making.
The development of fully automated RNA extraction systems with highly standardized protocols including reliable controls will further promote the application of predictive multi-gene assays. The performance of tests in decentralized molecular pathology laboratories avoids the transfer of tissue and will contribute to the wide application of quantitative biomarker assessment.
Molecular Tumor Typing and Response to Neoadjuvant Chemotherapy
There are several studies using gene expression profiles in breast cancer to define the molecular subtypes of luminal, HER2-positive and triple-negative tumors based on differences in tumor biology [34] [35] [36] . Data from preclinical studies show a functional interaction between HR and HER2 signaling [37, 38] . We examined if the relation of estrogen receptor 1 (ESR1) and HER2 expression may influence the response to anthracycline/taxane-based neoadjuvant chemotherapy and DFS in dependence on molecular subtype.
For this reason, we established the hypothesis that this relationship might lead to differences in clinical behavior, in response to anthracycline/taxane-based chemotherapy and in DFS depending on the molecular subtype. Furthermore, it has been suggested that the subgroup of triple-negative tumors might show a mixture of different tumor characteristics [39] . We evaluated protein biomarkers using IHC and silverenhanced ISH on tissue microarrays of pretherapeutic core biopsies in a group of 116 participants of the GeparDuo study. We found significantly (p = 0.044) different pCR rates between the different molecular subtypes. Patients with HR+/ HER2+ or HR-/HER2-tumors achieved higher pCR rates than those with HR+/HER2-tumors. The Ki67 labeling index was a significant (p = 0.001) predictor of pCR in the whole study group and was associated with higher pCR rates among triple-negative carcinomas (p = 0.006). In a multivariate analysis, biology-based tumor type (p = 0.046 for HR+/HER2+ vs. HR+/HER2-), Ki67 labeling index (p = 0.028) and the treatment arm (p = 0.036) were independent predictors of a pCR. Regarding DFS, patients with HR+/HER2-and HR+/HER2+ tumors showed the best prognosis (p < 0.0001) while the
Evaluation of RNA Biomarkers from Neoadjuvant Samples
In the last decades, targeted therapies have greatly changed the treatment of malignant disease, resulting in an increased demand for predictive biomarker assessment by pathologists. While human judgment seems adequate in qualitative, tissuebased assessment of biomarker expression, automated, standardized and quantitative methods provide the opportunity of detecting far more subtle and highly reproducible differences of biomarker expression.
The development of reliable techniques for the extraction of mRNA from FFPE tissue for use in quantitative reverse transcription-polymerase chain reaction (RT-PCR) greatly promoted research in this area. Recently, we and others have shown that expression analysis of established biomarkers as biology-based tumor type was an independent prognostic factor (p < 0.001). In contrast, patients with HR-/HER2+ tumors had the worst outcome. The HR+/HER2+ coexpressing carcinomas emerged as a group of tumors with a good response rate to neoadjuvant chemotherapy and a favorable prognosis. HR+/HER2-tumors had a good prognosis irrespective of pCR, whereas patients with HR-/HER-and HR-/ HER+ tumors, especially if they had not achieved a pCR, had an unfavorable prognosis and were in need of additional treatment options.
Expression of PARP as a Predictive Factor in the Neoadjuvant Setting
PARPs are a family of several multifunctional enzymes that are activated through DNA strand breaks [40] . PARP activation leads to the synthesis of large branching chains of poly(ADP-ribose) polymers to target proteins by the use of nicotinamide adenine dinucleotide (NAD+). Its role in singlestrand breaks via the base excision pathway has been more extensively studied than its activation induced by single-or double-strand breaks [41] [42] [43] [44] [45] . Other relevant functions include PARP-dependent apoptosis and necrosis [46] .
The potential role of PARP inhibitors as new anticancer agents is currently under research in several clinical studies on breast cancer and other malignancies [47] [48] [49] . We investigated the cytoplasmic (cPARP) and nuclear PARP (nPARP) expression by IHC in FFPE pre-therapeutical core biopsies from 638 patients of the GeparTrio trial ( fig. 2) . Stained slides were digitized and evaluated as virtual slides. We evaluated the intensity and the percentage of positive tumor cells, calculated the immunoreactive score (IRS) and defined 3 subgroups: IRS 0-2 (negative), IRS 3-4 (medium) and IRS 6-12 (high).
We found that cPARP expression was high in 23.7%, intermediate in 50.9%, and negative in 25.4% of tumors. High cPARP expression was significantly correlated with special tumor subtypes: non-lobular histology (p < 0.001), undifferentiated grade (p < 0.001), positive nodal status (p = 0.049) and negative HR status (p < 0.001). The pCR rate showed significant (p < 0.001) correlations with cPARP expression (26.5, 19.1, and 8.0% in patients with high, intermediate, or negative expression, respectively). In DFS (p = 0.0025) and overall survival (p = 0.0022), high cPARP expression was a negative but not independent prognostic factor. We found no such correlations for nPARP expression. In conclusion, we showed that high cPARP expression correlates with an aggressive tumor pattern, a higher pCR rate, but also with unfavorable long-term prognosis. cPARP-positive breast cancer might therefore become a new relevant entity concerning the PARP inhibition therapy. Toll-like receptor-4 (TLR4) mediates the response to microbial pathogens and to endogenous immunogenic signals released from dying tumor cells [55] [56] [57] . Polymorphisms of TLR4 have been shown to be an independent prognostic factor for therapy response [58] . Furthermore, a lymphocytic infiltrate has been shown to be a positive prognostic factor in various tumors [59] [60] [61] [62] [63] . To evaluate if the extent of immunologic response may enhance the effectiveness of chemotherapy, we studied the lymphocytic infiltrate ( fig. 3 ) in pretherapeutic core biopsies as a predictor to neoadjuvant therapy. The population consisted of 1085 patients that were enrolled in the GeparDuo and GeparTrio neoadjuvant trials. We examined the presence and extent of lymphocytic infiltrates in both tumor cell nests and surrounding stroma. In GeparDuo, the pCR rate for all patients was 12.8% and 31% for patients with increased intratumoral lymphocytes (p < 0.0005, 2-tailed Fisher's test). A pCR rate of 41.7% could be observed among tumors defined as lymphocyte-predominant breast cancer with more than 60% of either stromal or intratumoral lymphocytes (p < 0.0005, Chi-square test). Tumors without lymphocytic infiltrate had a pCR rate of 2.8%.
The results were validated using 840 cases from GeparTrio where lymphocytic infiltrate was a strong predictor of pCR in univariate (p < 0.0005) and multivariate analysis (p = 0.001).
As a basis for the implementation of predictive gene expression signatures that are based on immune response, molecular markers of lymphocyte recruitment and infiltration were examined by kinetic RT-PCR on FFPE core biopsies.
Conclusions
Neoadjuvant therapy offers an excellent tool to identify markers for pCR prediction. However, pCR is a predictive factor for DFS and overall survival mainly for HER2+ (non-luminal), triple-negative and some luminal B tumors, but not for luminal A or luminal B (HER2+) tumors. The neoadjuvant setting is suitable for the development of new biomarkers, and the current technologies allow the investigation of protein and RNA biomarkers using tissue microarrays and standardized RT-PCR approaches. The molecular tumor types and immunological infiltrates are important and independent predictors of therapy response. New markers such as cPARP expression might be important for the prediction of response to established and new targeted therapies.
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Neoadjuvant Chemotherapy, Inflammatory Infiltrates and Therapy Response
Only 10-25% of patients achieve a pCR after neoadjuvant chemotherapy [50, 51] . Pretherapeutic core biopsies from these patients are a valuable source for the identification of biomarkers that may help to select patients that are likely to benefit from neoadjuvant treatment. In this setting, the pathological evaluation of therapy success serves as an in vivo assay of chemosensitivity [52] .
Preclinical studies have shown that immunological response plays a crucial role in the elimination of tumor cells in response to cytotoxic therapy [53, 54] . It has been shown that anthracyclines induce immunologic response mediated by calreticulin and high-motility-group box 1 (HMGB-1). Fig. 3 . Different types of immunological infiltrates in breast cancer; assessment by standard H&E staining (modified from [28] with permission).
